Abstract: Stuttering affects the fundamental human ability of fluent speech production, and can have a significant negative impact on an individual's psychosocial development. While the disorder affects about 5% of all preschool children, approximately 80% of them recover naturally within a few years of stuttering onset. The pathophysiology and neuroanatomical development trajectories associated with persistence and recovery of stuttering are still largely unknown. Here, the first mixed longitudinal diffusion tensor imaging (DTI) study of childhood stuttering has been reported. A total of 195 high quality DTI scans from 35 children who stutter (CWS) and 43 controls between 3 and 12 years of age were acquired, with an average of three scans per child, each collected approximately a year apart. Fractional anisotropy (FA), a measure reflecting white matter structural coherence, was analyzed voxel-wise to examine group and age-related differences using a linear mixed-effects (LME) model. Results showed that CWS exhibited decreased FA relative to controls in the left arcuate fasciculus, underlying the inferior parietal and posterior temporal areas, and the mid body of corpus callosum. Further, white matter developmental trajectories reflecting growth rate of these tract regions differentiated children with persistent stuttering from those who recovered from stuttering. Specifically, a reduction in FA growth rate (i.e., slower FA growth with age) in persistent children relative to fluent controls in the left arcuate fasciculus and corpus callosum was found, which was not evident in recovered children. These findings provide first glimpses into the possible neural mechanisms of onset, persistence, and recovery of childhood stuttering. Hum Brain Mapp 38:3345-3359, 2017.
INTRODUCTION
In stuttering, frequent and involuntarily occurring sound repetitions, prolongation and blocks (abnormal stoppages) disrupt the normally effortless and rhythmic flow of speech. The typical onset of stuttering occurs between 2 and 5 years of age and affects about 5% of preschool children. Approximately 80% of children diagnosed with developmental stuttering recover naturally in early childhood-the vast majority of these recoveries occur within 2 years of stuttering onset [Bloodstein and Ratner, 2008; Ambrose, 1999, 2005] -while the other 20% continue to stutter for the rest of their lives. Persistent stuttering can have a strong negative impact on the individual's social, emotional, academic, and vocational development [Craig et al., 2009; Rees and Sabia, 2014] .
The pathophysiology of stuttering is still unclear. There is, however, increasing evidence of subtle structural and functional differences in the brains of adults and children who stutter relative to their fluent peers [Beal et al., 2013; Chang et al., 2015 Chang et al., , 2017 Chang and Zhu, 2013; Connally et al., 2014; Cykowski et al., 2010; Desai et al., 2017; O'Neill et al., 2017; Watkins et al., 2008] . One line of research investigated the property of white matter microstructure by measuring fractional anisotropy (FA), which reflects white matter coherence or integrity, through diffusion tensor imaging (DTI). Whereas previous studies have shown that both adults and children who stutter exhibit lower FA values relative to matched controls in white matter tracts supporting speech motor control, the precise location of these differences has been inconsistent [Cai et al., 2014; Cykowski et al., 2010; Neef et al., 2015] . For example, lower FA associated with stuttering has been reported along the left superior longitudinal fasciculus/arcuate fasciculus underlying the inferior frontal gyrus [BA44, Chang et al., 2015; BA47, Kell et al., 2009] , premotor cortex [Chang et al., 2008; Connally et al., 2014; Watkins et al., 2008] , rolandic operculum [Chang et al., 2008; Sommer et al., 2002] , and inferior parietal region [Chang et al., 2008 [Chang et al., , 2015 Watkins et al., 2008] . FA reductions along other white matter structures such as the corticospinal tract [Cai et al., 2014] and the corpus callosum [Chang and Zhu, 2013; Chang et al., 2015; Cykowski et al., 2010] have also been reported. One recent meta-analysis of previous DTI studies of people who stutter reported convergent FA reductions associated with developmental stuttering in the arcuate fasciculus (underlying most of the frontoparietal regions reviewed above) and the body of the corpus callosum [see Fig. 1B in Neef et al., 2015] .
There are many plausible reasons for the disparate locations of FA reduction found in the previous studies. For example, most of the reviewed studies published to date were based on relatively small numbers of adolescents and adults [sample sizes ranging from 13 to 29 people who stutter; Neef et al., 2015] and thus may lack the statistical power to distinguish an effect of a certain size from random chance. Accordingly, most studies have used a relatively lenient statistic threshold. In addition, these studies differed from one another in terms of subject demographics including age and sex composition, which likely contributed to the heterogeneity of results. Studying adults also captures the effects of adaptation and compensatory mechanisms, comorbidity, therapy, and other conditions that are associated with decades of stuttering, with varying influences across individuals. Furthermore, in the case of the few studies conducted in children who stutter, the stuttering group may have included those who eventually recover versus persist in stuttering, which may have increased variability in the findings. Additionally, since most previous studies have only examined adults or older children whose stuttering is already persistent, an important question has gone unanswered: What are the neural mechanisms underlying natural recovery of childhood stuttering?
To address these issues, we conducted a longitudinal DTI study involving a large sample of children who do and do not stutter. We investigated how developmental trajectories of white matter in persistent and recovered children who stutter deviate from typically developing children. Characterizing these developmental trajectories is necessary not only to understand neural mechanisms linked to stuttering risk, but also to elucidate childhood neuroplasticity that leads to natural recovery from stuttering. It is crucial to identify early neural biomarkers of persistence and recovery of stuttering in order to determine targets for intervention and improve therapy.
We hypothesized that FA reductions in the tracts identified in a recent meta-analysis [Neef et al., 2015] based on previous DTI studies of persistent stuttering (i.e., arcuate fasciculus underlying frontoparietal regions and the body of the corpus callosum) are related to the risk of stuttering development and hence would be found in children who stutter, regardless of eventual outcomes of persistence or recovery. Moreover, we expected that if the FA reductions in these tracts reflect underlying stuttering behavior, there would be continued anomalous FA development in the same areas in children with persistent stuttering. Because the results from the previous DTI studies were fairly inconsistent as discussed above, we cannot however rule out the possibility of anomalous FA reduction and development in other white matter areas in children with persistent stuttering.
Recovery of stuttering may pertain to two possible scenarios. First, recovery could result from the normalization of the neural anomalies underlying the onset of stuttering. In this case, recovered children may exhibit FA values in the arcuate fasciculus and the corpus callosum that initially lag behind, but catch up later to reach comparable FA values exhibited by fluent controls. Alternatively, recovered children could exhibit an adaptive compensatory growth in other brain areas that supports recovery from stuttering. To allow testing of this alternative hypothesis, and given the lack of existing data on the neural basis of recovery from stuttering and inconsistent results from previous DTI studies, we chose to perform a whole brain based FA analysis to examine group and age-related changes in white matter integrity in a comprehensive manner rather than restricting our analysis to specific tracts.
MATERIALS AND METHODS

Participants
Children who do and do not stutter in the 3-10 age range at initial testing were recruited for an ongoing longitudinal neuroimaging study of developmental stuttering. Each participant was scanned two to four times, with an inter-scan interval 12 months. At the time of analysis for this study, 282 DTI scans from 52 stuttering children (39 boys) and 45 controls (22 boys) were collected (age range for all visits: 3-12). Four scans (1.4%) from two participants were excluded from the analysis due to gross structural abnormalities, and another three scans (1.1%) from one participant were excluded due to poor performance (<2 SD) on more than one standardized language tests administrated. Eighty scans (28.4%) from 51 subjects were excluded due to movement artifacts in DTI or anatomical scans (see details on Exclusion Criteria presented in the Data Analysis section). In the final analysis, 195 high quality DTI scans from 35 stuttering children (22 boys) and 43 controls (21 boys) were included. Participants' ages at the initial visit ranged from 3.2 to 10.7 years with a mean age of 6.5 and a standard deviation of 2.1 (for group specific details, see Table I ). All procedures used in this study were approved by the Michigan State University Institutional Review Board. All children were paid a nominal remuneration, and were given small prizes (e.g., stickers) for their participation.
All participants were monolingual North American English speakers without confirmed diagnosis of developmental disorders (e.g., dyslexia, ADHD, learning delay, psychiatric conditions) other than stuttering. Details on behavioral testing procedures and a list of assessments can be found in our previous publications [Chang and Zhu, 2013; Chang et al., 2015] . Briefly, each participant underwent careful screening to ensure normal speech and language development except for the presence of stuttering in the experimental group. These tests included the Peabody Picture Vocabulary Test [PPVT-3; Dunn and Dunn, 2007] Wechsler, 1999] . The average test scores for each group are listed in Table I .
Stuttering severity was assessed by collecting samples of spontaneous speech, elicited through storytelling and conversational tasks with a parent and a certified speechlanguage pathologist (SLP). These samples were videorecorded and analyzed off-line according to the procedure of the Stuttering Severity Instrument Edition 4 [SSI-4; Riley and Bakker, 2009] . The SSI-4 provides a composite stuttering severity rating based on frequency and duration of disfluencies occurring in the speech sample, as well as any physical concomitants associated with moments of stuttering. To confirm reliability of the SSI-4 scores, a random subset of the speech samples (25.5%) was rated by a second independent SLPs. The intraclass correlation coefficient calculated based on the two SLPs' ratings was 0.96, indicating high reliability.
While all children who stutter were diagnosed with stuttering during their initial visit, they were later categorized as recovered or persistent through a combination of measures acquired in subsequent visits. Specifically, a child was categorized as persistent if the SSI-4 score was higher than 10 at two consecutive follow-up visits, and the onset of stuttering had been at least 36 months prior to his most recent visit. A child was considered recovered if the composite SSI-4 score was below 10 (corresponding to "very mild" in SSI-4 severity classification) at two consecutive follow-up visits. Determination of recovered or persistent also required the consideration of percent occurrence of stuttering-like disfluencies (%SLD) in the speech sample (3 for persistent) as well as clinician and parental reports. Similar criteria were used to determine persistence versus recovery in stuttering children in previous studies [Yairi and Ambrose, 1999] . Using these criteria, we identified 12 children who recovered, hereafter "recovered" (37 scans) and 23 children with persistent stuttering, hereafter "persistent" (55 scans) in the final data set for the analyses. For controls, the inclusion criteria included never having been diagnosed with stuttering, no family history of stuttering, lack of parental concern for their child's speech fluency, and the child's %SLD was below 3%. A total of 43 controls were included (103 scans).
MRI Acquisition
All MRI scans were acquired on a GE 3T SignaV R HDx MR scanner (GE Healthcare) with an 8-channel head coil. During each session, 180 T1-weighted 1-mm 3 isotropic volumetric inversion recovery fast spoiled gradient-recalled images, with CSF suppressed, were obtained to cover the whole brain with the following parameters: time of echo 5 3.8 ms, time of repetition of acquisition 5 8.6 ms, time of inversion 5 831 ms, repetition time of inversion 5 2,332 ms, flip angle 5 88, and receiver bandwidth 5 620.8 kHz.
After the T1 data acquisition, first and high-order shimming procedures were carried out to improve magnetic field homogeneity. The DTI data were acquired with a dual spin-echo echo-planar imaging sequence for 12 minutes and 6 seconds with the following parameters: 48 contiguous 2.4-mm axial slices in an interleaved order, field of view 5 22 3 22 cm, matrix size 5 128 3 128, number of excitations 5 2, echo time 5 77.5 ms, repetition time 5 13.7 s, 25 diffusion-weighted volumes (one per gradient direction) with b 5 1,000 s/mm 2 , one volume with b 5 0 and parallel imaging acceleration factor 5 2. One staff member sat inside the scanner room next to the child at all times to monitor the child's comfort and to ensure cooperation during scanning. During acquisition of volumetric T1-weighted scans and DTI scans, the children viewed a movie to help them stay still.
DTI Data Analyses
To ensure good data quality, we inspected the DTI scans using a procedure similar to "Image Scrubbing," an image censoring technique that is commonly used to remove movement artifacts from functional images [Power et al., 2012] . Specifically, for each DTI scan, we estimated slicewise volume-to-volume head movements by coregistering each volume's slices to the corresponding slices in the first volume (B 0 ). If head movement exceeded 1 mm in more than 20% (9 slices) of the slices in a volume, that volume was considered susceptible to movement artifacts. Any scan that contained more than 10 susceptible volumes was excluded from further analysis. Additionally, we manually inspected each scan to detect any image quality issues not captured by the quantitative method, including signal drop-outs and image artifacts such as banding. After these procedures, the remaining 195 raw DTI scans (103 for controls, 55 for persistent, and 37 for recovered) were processed using Tortoise developed by the NIH Pediatric Neuroimaging Diffusion Tensor MRI Center [Pierpaoli et al., 2010] . We used the "DIFF PREP" module of Tortoise to correct for image artifacts including motion, eddycurrent distortion, EPI B 0 and concomitant field distortions. Diffusion tensors at each voxel were estimated using the iRESTORE algorithm implemented in the "DIFF CALC" module of Tortoise [Chang et al., 2012] , and individual FA maps were output for statistical analyses. To normalize the FA maps into standard space, we first normalized individual T1-weighted anatomical images using diffeomorphic image registration algorithm [DARTEL; Ashburner, 2007] implemented in SPM12 (http://www.fil. ion.ucl.ac.uk/spm/software/spm12/). Each individual T1 image was first aligned with the DTI B 0 image. The DAR-TEL algorithm then segmented each T1 image into distinct tissue compartments including gray and white matter using the unified segmentation algorithm [Ashburner and Friston, 2005] . Gray and white matter images of all participants were used to create a customized template. DARTEL then iteratively refined warping parameters for transforming individual subject space to the customized template, and then transformed the images from the customized template space to a standard space (ICBM152). This twostep procedure is more robust in dealing with variations of brain sizes and morphometry than normalizing brain images directly to the standard space [Yoon et al., 2009] . Moreover, recent studies have shown normalizing the anatomical images of children (4-11 years of age) to a common space does not introduce age-related bias [Burgund et al., 2002; Ghosh et al., 2010] . The individual FA maps were transformed to the standard space by applying the deformation fields generated from DARTEL, resampled to 1.5 mm isotropic voxel size and spatially smoothed with a 4 mm FWHM Gaussian kernel.
The normalized FA maps were analyzed using a voxelbased approach. To reduce the potential effect of misalignment among participants, gray matter and gray/white boundaries were excluded using two criteria. First, voxelwise mean FA across subjects was calculated, and voxels with mean FA less than 0.25 were excluded. Second, mean white matter probability was calculated using individual white matter maps generated in the segmentation step, and voxels with mean probability less than 0.85 were excluded. A linear mixed-effects (LME) model was used to analyze group and age-related effects on FA. LME modeling is a flexible statistical framework for analyzing longitudinal data and provides many attractive features over other methods such as repeated measures ANOVA [Bernal-Rusiel et al., 2013; Cnaan et al., 1997; Fitzmaurice et al., 2008; Pinheiro, 2005 ; Verbeke and Molenberghs, b Scores significantly lower in persistent than controls (two-sample t-tests, P < 0.05). c Scores significantly lower in recovered than controls (two-sample t-tests, P < 0.05). d Scores significantly higher in persistent than recovered (two-sample t-tests, P < 0.05 Specifically, LME analysis models the covariance structure of correlated data (e.g., repeated measures and longitudinal data) and is able to handle an unequal number of within-subject measurements and measurements that were recorded at the different time points across subjects, that is, unbalanced data [Bernal-Rusiel et al., 2013; Chen et al., 2013] . These advantages are particularly important to the current study because DTI scans were excluded due to severe head motion or attrition, leading to an unbalanced number of observations. LME modeling has been used in longitudinal studies that are similar in design to the current study; LME modeling was used to examine developmental trajectories of cortical thickness and volume associated with autism [Lange et al., 2015; Schumann et al., 2010; Zielinski et al., 2014] and intellectual ability [Shaw et al., 2006] . Our effects of interest were modeled as fixed-effects (i.e., explanatory variables) and included group (control, persistent, recovered) and group by age interactions. Additionally, subject was included as a random-effect to account for within-subject variability. Our model also included socioeconomic status, IQ, sex, group-by-quadratic-age interactions, and the head motion measure as fixed-effects to capture effects of no interest. Although IQ, PPVT, and EVT scores were significantly lower in the persistent group relative to controls, we only included IQ in the LME model because these three measures were highly correlated (r > 0.7). Stuttering severity as measured by SSI-4 was not included in the model because it was used to define persistent and recovered groups, but the relation between FA and stuttering severity in children with persistent stuttering was examined in separate analyses. Voxel-wise LME models were estimated using the fitlme function in Matlab (Release 2013b, The Mathworks Inc., Natick, Massachusetts). The t-tests were used to compare model estimates between groups. False positives due to multiple testing were controlled by a combination of P-value and a spatial extent (cluster size) threshold (k). The cluster size threshold was estimated using the recommended procedure of AFNI 3dClustSim (March 2016 version; http://afni. nimh.nih.gov/pub/dist/doc/program_help/3dClustSim. html). Unless otherwise specified, the thresholds were set at P < 0.01 and k >33 voxels, corresponding to a corrected Pvalue of 0.05. A more common approach used to localize white matter group differences is tract-based spatial statistics (TBSS). This method aims to reduce inter-subject misalignment errors by projecting FA values to a pseudo-anatomical white matter skeleton [Smith et al., 2006] . Although TBSS may reduce misalignment errors by up to 10%, it is less sensitive to FA abnormalities that occur further away from the skeleton and may therefore sacrifice potentially important anatomical information [Zalesky, 2011] . Indeed, a recent study has shown that the benefits of using TBSS diminish, and a voxel-based approach outperforms TBSS, when a superior non-linear coregistration algorithm similar to the one adopted in the current study was used [Schwarz et al., 2014] . By using this approach, we were able to acquire more precise anatomical specificity of white matter group differences. Nevertheless, we also carried out a TBSS analysis to confirm that our results were not due to inter-subject misalignment and to provide a more direct comparison with previous studies using TBSS. We used FSL's Diffusion Toolbox to carry out TBSS projection with the default settings. Specifically, FA values greater than 0.2 in the normalized, unsmoothed individual images were projected to the TBSS skeleton. The same LME model as in the voxel-based analysis was used to estimate FA differences between groups. For the TBSS analysis, statistical threshold was set at P < 0.005 (uncorrected). This threshold is similar to the statistical thresholds used in other TBSS studies on stuttering [Cai et al., 2014; Chang et al., 2015; Connally et al., 2014] . Importantly, we found high correspondence between the voxel-based and TBSS analyses; 56 out of 64 (87.5%) clusters identified in the voxel-based analyses spatially overlapped with a significant cluster in the same TBSS analyses. In this study, only those clusters with overlap between the voxel-based and TBSS analyses are reported. The corresponding TBSS results are presented in the Supporting Information (Supporting Information Tables S1 and S2).
To illustrate the white matter tracts associated with FA group differences, we performed fiber tracking on the DTI data of a 9-year-old female subject who had minimal head movements during scanning using the deterministic tractography algorithm implemented in TrackVis [Wang et al., 2007] . An angle threshold of 458 was applied to prevent abrupt change of fiber orientation during the tracking process. Furthermore, white matter areas exhibiting significant group differences, we extracted and averaged the individual model estimates of group and age plus residuals and random intercepts (i.e., raw FA values minus effects of no interests) from voxels within a 5 mm radius sphere centered at the peak coordinates of each cluster significant based on the between-group contrast. FA values of each group were plotted against participants' chronological age.
To further explore whether an association exists between FA and stuttering severity as measured by SSI-4, we conducted two analyses. Because severity scores of children who recovered at the follow-up visits were very low (<10), the relation between FA and severity may not be very clinically meaningful. Moreover, the fluency of children who recovered from stuttering improved over time, as it was the definition of recovery in the current study. Thus, stuttering severity may be confounded with an agerelated effect. Therefore, we focused on data from children with persistent stuttering to examine the association between stuttering severity and FA. We first used a region of interest approach to examine whether FA in the regions exhibiting a significant group or group-by-age difference in children with persistent stuttering relative to controls was associated with stuttering severity. Based on the results of the main analyses, the peak coordinates of each region were identified, and FA within 5 mm of each r White Matter Development in Children Who Stutter r r 3349 r coordinate was extracted and averaged. The same LME model as the main analyses was used to examine the association between FA and severity, except that SSI-4 scores were added as a fixed effect, and the effects of control and recovered groups were removed. A false discovery rate method was used to correct for multiple comparisons due to the number of regions selected. To further explore if there was a relation between stuttering severity and FA in the white matter areas in which no significant group or group-by-age differences were detected, the same LME analysis was repeated for all of the voxels in the whole brain. For this whole-brain analysis, we applied the same threshold as in the main analyses.
RESULTS
Participant Characteristics
The groups of children with persistent stuttering ("persistent"), those recovered from stuttering ("recovered"), and fluent controls did not differ significantly in mean age, inter-scan interval, average number of scans, socioeconomic status, or sex ratios (Table I ). There was no significant difference among subject groups in the proportions of children scanned at each 2-year age bracket [v 2 (8, N 5 195) 5 7.36, P 5 0.50], nor in the proportions of firstvisit scans acquired at each bracket [v 2 (6, N 5 78) 5 2.27, P 5 0.89]. The number of scans by age bracket in each group can be found in the Supporting Information (Supporting Information Table S3 ). Compared with controls, children with persistent stuttering scored significantly lower on IQ, PPVT, and EVT (P < 0.05; Table I ), while recovered children only scored lower on IQ and EVT (P < 0.05; Table I ). Persistent and recovered groups did not differ significantly on any of the standardized tests, nor in stuttering severity at initial visit. As expected, the difference in stuttering severity became highly significant based on measurements acquired at their last visits (P < 0.01), indicating the divergence of symptoms between the persistent and recovered groups with progressing age.
FA Deviations from Controls Associated with
Persistence and Recovery of Stuttering (Between-Group Differences)
Compared with controls, both persistent and recovered groups exhibited FA reductions in the left arcuate fasciculus in the inferior parietal lobule (i.e., a part of the superior longitudinal fasciculus) as well as in the posterior temporal lobe (Fig. 1A , and scatter plots in Fig. 1C ). Another set of FA reductions for both stuttering groups relative to controls was found in the corpus callosum, which contains tracts that interconnect the bilateral motor cortical regions (Fig. 1B and C) . Compared with controls, the persistent group showed a reduction in the midsection of the corpus callosum body and splenium whereas recovered children showed FA reductions in the superior part of the corpus callosum body, near the supplementary motor area (SMA) (Fig. 1B and C) . In addition to these FA reductions, increased FA was observed in the superior part of the corpus callosum body for the persistent group relative to controls. The details of the white matter regions showing significant group differences can be found in Table II .
Unique White Matter Developmental Trajectories Associated with Persistence and Recovery of Stuttering (Group by Age Interactions)
Compared with controls, the FA growth rate of persistent but not recovered children was lower in both parietal and temporal parts of the left arcuate fasciculus ( Fig. 2A , and scatter plots in Fig. 2E ) as well as the parietal part of the right arcuate fasciculus. The scatter plots in Figure 2E show that in the left arcuate fasciculus, FA of both control and recovered groups increased with age whereas FA of the persistent group decreased with age. Additionally, the persistent group showed a lower FA growth rate in midline white matter structures including the body of corpus callosum, cingulum, superior thalamic radiation ( Fig. 2B and E), anterior thalamic radiation ( Fig. 2C and E) , and the cerebral and cerebellar peduncles ( Fig. 2D and E ). An anterior area that exhibited a lower FA growth rate in the persistent group (cluster 9 in Fig. 2C and E) was related to the anatomical connections of the inferior frontal gyrus. While the recovered group also showed a lower FA growth rate in the body of corpus callosum and the anterior thalamic radiation, the spatial extent was much smaller than that exhibited by the persistent group ( Fig. 2B and E) . Unique to the recovered group, a lower FA growth rate was found in the right inferior longitudinal fasciculus (anterior temporal part) and the left dorsolateral frontal area when compared with controls (Table III) .
Compared with controls, a higher FA growth rate was found in some areas for both stuttering groups. For children with persistent stuttering, a higher FA growth rate was found in the splenium of the corpus callosum, but for recovered children, a higher FA growth rate was observed in the body of corpus callosum near the SMA and the cerebellum (Table III) .
Relation Between Stuttering Severity and White Matter Development
The relation between FA and stuttering severity of children with persistent stuttering were examined using both regions of interest and whole-brain approaches. For the region of interest analysis, based on the main analyses between persistent and control groups, 24 regions were identified (see Tables I and II) . FA was analyzed using the same LME model for the main analyses, except the SSI-4 r Chow and Chang r r 3350 r scores were added as a fixed effect. No significant effect of stuttering severity was found for any of the regions selected after correcting for multiple comparisons. Even when an uncorrected threshold of P < 0.05 was used, the effect of stuttering severity in most of the regions was not significant. For the whole brain analysis, the same LME model was used. A significant negative relation between FA and severity was found in three clusters located in the anterior and superior thalamic radiations (see Table IV ).
DISCUSSION
We investigated how developmental trajectories of white matter in children with persistent stuttering and those recovered from stuttering deviate from typically developing children in early to late childhood. Our results demonstrated that the risk of stuttering, regardless of eventual persistence or recovery, was associated with overall FA reductions in parietal-temporal areas of the left arcuate fasciculus and the body of the corpus callosum. Furthermore, stuttering persistence was specifically associated with reduction of growth rate in white matter tracts interconnecting the left frontotemporal regions, bilateral motor areas and the basal ganglia. We first discuss findings related to significant group differences in FA, followed by agerelated differences that provide novel insights on the interaction between development and stuttering that may affect eventual persistence or recovery.
White Matter Group Differences That Characterize Persistence and Recovery of Stuttering
The main group comparisons revealed a reduction of FA in the inferior parietal and posterior temporal parts of the left arcuate fasciculus in children who stutter, consistent with previous work [Chang et al., 2008 [Chang et al., , 2015 and findings from the recent meta-analysis of DTI studies on stuttering [Neef et al., 2015] . Children with persistent Reductions of FA growth rate in children with persistent stuttering and children who recovered from stuttering relative to controls (group by age interactions). (A-D) The left column shows the locations where significant lower FA growth rate were found in the persistent group (blue) and the recovered group (green). Significant reductions of FA growth rate in both persistent and recovered groups are indicated in red. The right column illustrates the white matter fibers passing through the regions showing reductions of FA growth rate based on DTI tractography of a 9-year-old female control participant. r Chow and Chang r r 3354 r stuttering also exhibited FA reduction in the body and splenium of the corpus callosum similar to what has been found in adults who stutter [Connally et al., 2014; Cykowski et al., 2010] . However, some previously reported FA reductions were not observed. For example, FA reductions were not found in frontal speech motor areas such as the inferior frontal gyrus (IFG) [Chang et al., 2015; Kell et al., 2009] , cerebellar peduncles [Connally et al., 2014; Watkins et al., 2008] , and the genu of the corpus callosum [Civier et al., 2015; Cykowski et al., 2010] in children with persistent stuttering relative to controls. Instead, children with persistent stuttering exhibited lower FA growth rate when compared with controls (i.e., age by group interaction) in those tracts. This suggests that the reduction of FA in the IFG, the cerebellar peduncles, and the genu of the corpus callosum observed in adults who stutter may present gradually during childhood and adolescence.
To date, only one other DTI study has investigated white matter anomalies in children who recovered from stuttering [Chang et al., 2008] , and did not find any statistically significant difference in FA between groups, likely due to lack of statistical power. However, with a larger sample, we found the pattern of FA reductions between the recovered and control groups was surprisingly similar to the pattern observed when comparing persistent and control groups. Relative to controls, both persistent and recovered groups exhibited FA reductions in the parietal and posterior temporal parts of the left arcuate fasciculus as well as the body of the corpus callosum. Although the location of FA reductions in the commissural fibers were different in the two stuttering groups (i.e., closer to the mid-section for persistent, but beneath the SMA for recovered), both locations likely affect interhemispheric connections of motor areas and contribute to the risk of stuttering regardless of eventual persistence or recovery.
White Matter Developmental Trajectories That Differentiate Persistence and Recovery of Stuttering
The analysis of group by age interactions showed that children with persistent stuttering exhibit a distinct pattern of FA development compared with controls and children who recovered. In contrast to a general increase of FA with age in the control and recovered groups, the persistent group exhibited a reduction of FA with age in the same white matter tracts (i.e., the left arcuate fasciculus and the body of the corpus callosum). Additionally, children with persistent stuttering exhibited a reduction of FA growth rate in the motor pathways as well as connections between prefrontal areas. A reduction of FA growth rate in the body of the corpus callosum was also found in recovered children, but this was less prominent relative to persistent children. The anomalous FA growth rate in the tracts noted above may impede adaptation processes that could otherwise compensate for the deficits associated with the risk of stuttering. This interpretation is further elaborated in the context of recent theories of stuttering in the next section.
Implications on Neuroanatomical Theories of Stuttering
According to an influential neuro-computational model of speech, three interactive components are critical for fluent speech production [Civier et al., 2013; Tourville and Guenther, 2011] . The first component involves the conversion of sound representations of the intended utterances to their corresponding motor representations or speech sounds. This is achieved by the interactions between the posterior temporal, inferior frontal and the ventral premotor areas [Hickok et al., 2011] . Second, speech sounds are only meaningful if they are produced in the correct temporal sequence. Accumulating evidence indicates that this process involves the supplementary motor and premotor areas, and the basal-ganglia-thalamocortical (BGTC) loops. The outputs of the BGTC loops project back to the cortical motor areas, generating feedforward motor commands to control motor execution and an expectation of somatosensory consequences [Alm, 2004; Civier et al., 2013; Etchell et al., 2014] . The third component is the process of controlling and monitoring speech output. This is achieved via feedforward and feedback control [Perkell, 2012] . Feedforward control relies on the expectation of somatosensory consequences generated from the sequencing process to control and execute speech movements. Operating in parallel with feedforward control, feedback control is accomplished by detecting discrepancies between expected and actual auditory and somatosensory consequences. This information is fed back to the BGTC loops to modify motor commands as necessary.
The core deficits of stuttering may lie among these aforementioned components. Our results provide support for aspects of those theories discussed above as FA reductions were found in the white matter tracts connecting frontotemporal regions and bilateral SMA. These anomalies may lead to generation of aberrant motor commands and expectations. As a result, the basis for feedforward control of speech cannot be established accurately.
Since the feedforward control is unreliable, children who stutter may rely more on feedback control [Civier et al., 2010; Namasivayam et al., 2009] and vacillate between the feedforward and feedback subsystems to generate speech. However, relying on feedback of the speech signal is inefficient because it is inherently delayed in time [Levelt, 1993] . Thus, switching between feedforward and feedback control may interrupt continuous speech and manifest as moments of stuttering. Interestingly, reductions of FA in the white matter tracts connecting frontotemporal regions and the bilateral SMA were found in both recovered and persistent children and hence may not necessarily lead to persistent stuttering. What differentiates persistence from recovery of stuttering seems to be the developmental trajectories, or growth rate, of white matter tracts. For children who recovered from stuttering, the developmental trajectories of white matter tracts were relatively normal, suggesting the deficits associated with the risk of stuttering may be overcome in later stages of childhood. On the contrary, the growth rate of the white matter tracts connecting frontotemporal and motor regions, including the arcuate fasciculus, tracts interconnecting BGTC areas, the body of the corpus callosum and the superior thalamic radiations, were anomalous in children with persistent stuttering. These developmental trends may further exacerbate aberrant feedforward control, and anomalous integration of the two hemispheres to support speech movements in the persistent group. Moreover, children with persistent stuttering exhibited an anomalous reduction of white matter growth rate in the cerebral and cerebellar peduncles that connect the cortical motor areas to the lower motor neurons and the cerebellum respectively. This age-related difference between persistent stuttering and control groups were also previously reported in adults [Connally et al., 2014] . Atypical development in these tracts is likely to affect motor control and execution, consistent with the empirical findings that have shown relatively unstable speech timing and coordination of articulatory movements of adults and children who stutter [Smith et al., 2010 [Smith et al., , 2012 Walsh et al., 2015] . These instabilities in speech output may affect the optimization of feedforward control since a stable reference from feedback is missing [Perkell, 2012] .
Another area in which persistent children exhibited a decrease in FA growth rate was near a junction of a number of white matter tracts that inter-connect among areas in the prefrontal cortex, including the inferior frontal gyrus. The affected tracts near the prefrontal areas include the genu of the corpus callosum that connects the bilateral IFG, the frontal aslant tract that connects the IFG and the motor areas including the SMA and pre-SMA, and the short frontal fibers that connect the IFG with other prefrontal areas [Catani et al., 2012] . Due to the limitations of DTI tractography techniques, we could not confidently separate the tracts that were affected in this prefrontal region. However, all of these tracts are proximal to anatomical connections involving the IFG, and subtle deficit in this region may disrupt sound-to-motor conversion to achieve feedforward control.
Another tract related to decreased FA growth rate in persistent children was the anterior thalamic radiation, which may connect the prefrontal areas with the BGTC loops [Alexander and Crutcher, 1990; Helie et al., 2015] . Although the role of this circuit in speech production is not fully understood, it has been implicated in higherorder cognitive functions, including sequence learning [Graybiel, 2005] , rule-based categorization [Ashby and Maddox, 2011; Ell et al., 2010] , attention switching [Ravizza and Ciranni, 2002] , and working memory [Taylor and Taylor, 2000; Voytek and Knight, 2010] . These functions are not only necessary for fluent speech, but are also essential for language acquisition [Friederici, 2006] . We postulate that the anomalies in the connections between prefrontal areas and the basal ganglia may affect higherorder cognitive functions (e.g., attention) necessary to develop speech control automaticity (i.e., feedforward control) through the feedback of speech outputs. This interpretation is also relevant to the current results that showed a negative relationship between stuttering severity and FA along the anterior and superior thalamic radiations in the persistent group. Specifically, lower FA in these tracts was associated with more severe stuttering in children with persistent stuttering. These results suggest that attenuated FA in tracts interconnecting frontal areas and the BGTC loops, which help interface speech motor control and other cognitive functions, may contribute to severity and persistence in stuttering.
Increased FA Associated with Stuttering Persistence and Recovery
In addition to FA reductions, we also found increased FA and higher FA growth rate in some areas in both recovered and persistent groups relative to controls. Interestingly, many of these increases were located in the nearby areas in which FA or FA growth rate was reduced for the stuttering groups. There are at least three possible explanations for this observation. First, both increases and decreases of FA relative to controls reflect dysfunction of the associated tracts. For example, increased FA in the external capsule and the basal ganglia is associated with Tourette syndrome [Thomalla et al., 2009 ] and Huntington's disease [Douaud et al., 2009] , respectively. Second, FA increases may reflect the result of a compensatory neuroplasticity process by which alternative anatomical connections are developed to bypass the compromised regions or connections. Our results seem to provide support for this possibility. For example, in recovered children, an increase in FA growth rate in the body of corpus callosum near the SMA may compensate for the effect of FA reductions in the same region. Third, FA increases in one tract may be caused by FA decreases in another tract at the junction where the two tracts crossed. In this case, the locations of these FA increases are not directly related to the actual physiological changes. Although the causes of FA increases cannot be determined easily, they are likely to be directly or indirectly related the structural anomalies underlying stuttering.
Caveats
Controlling for motion artifacts was particularly important for the current study because pediatric participants tend to move more during scanning, and motion artifacts can lead to spurious group differences in FA [Yendiki et al., 2014] . To reduce the chance of obtaining spurious results due to head motions, several measures were implemented in different stages of data processing in this study. First, we excluded approximately one third of the scans that were susceptible to extensive image corruption due to motion artifacts using a quantitative method. Second, diffusion tensor was estimated using iRESTORE algorithm, which has been shown to be able to accurately estimate diffusion tensors even though around 17% of the gradient directions in the data were corrupted by physiological and motion artifacts [Chang et al., 2012; Liu et al., 2015] . Third, we included the movement measure in the statistical model as a nuisance regressor as suggested in Yendiki et al. [2014] . Although the adverse effect of head motions cannot be ruled out completely, we believe that these conservative measures have minimized possible spurious results caused by motion artifacts.
The sample size of current study is the largest pediatric DTI data set in the field to date. However, the sample size of children who recovered from stuttering was relatively small (12 participants and 32 scans) after removing potential corrupted DTI images using the above discussed procedures. There is a chance that heterogeneity in the population of the children who recovered from stuttering (e.g., sub-groups) may be higher than what our sample represents. Hence, the results should be interpreted with caution. Moreover, the developmental trajectories presented in this study should be interpreted as overall trends, and are not presently applicable to a specific, narrower age range (e.g., preschool age). More data and additional analyses are needed to examine finer-grained differences in various age groups.
In the current study, we used DTI tractography of a single participant to illustrate the white matter tracts that are potentially affected by FA anomalies identified in our analyses. These illustrations are solely intended to assist the reader to visualize the anatomical connections, but they could be anatomically imprecise for several reasons. First, although the tractography results obtained from the participant we selected seem to be consistent with established anatomical connections according to different sources of evidence, including DTI [e.g., Mori et al., 2005] and animal tracing studies [Schmahmann and Pandya, 2009] , there are natural variations among participants and thus the tractography results cannot be generalized. Second, most DTI tractography techniques cannot effectively separate crossing fibers, leading to stoppages of tract tracing at tract junctions. Due to these limitations, tract-related interpretations should be primarily based on the locations of FA anomalies and our understanding of anatomical connections obtained from previous studies.
CONCLUSION
This study provides the first evidence that children with persistent stuttering have different trajectories of white matter development relative to children who recover from stuttering. Moreover, the current study showed that regardless of eventual recovery or persistence, stuttering is associated with an overall decrease in FA in both the left arcuate fasciculus and the corpus callosum, suggesting that the anomalies in these two tracts are associated with risk of childhood onset stuttering. However, there was a marked difference between persistent and recovered groups in FA developmental trajectories. Children with persistent stuttering showed an anomalous growth in white matter tracts inter-connecting the speech motor areas, but children who recovered showed relatively normal development in these same tracts. These results point to normal (although delayed) developmental trajectories of white matter tracts in recovered children that eventually can adequately support fluent speech production, but a persisting anomalous developmental trajectory in children who continue to stutter. Further investigation is needed to understand the factors and mechanisms driving these developmental changes that may help develop treatment strategies to mitigate stuttering symptoms and enhance chances of recovery in children who stutter.
